The niJBQ transcriptional unit ofAzotobacter vinelandii has been previously shown to be required for activity of the three nitrogenase systems, Mo nitrogenase, V nitrogenase, and Fe nitrogenase, present in this organism.
proteins with the expected molecular masses. The NifB-fusion lacked activity for any of the three nitrogenase systems and showed an iron-molybdenum cofactor-deficient phenotype in the presence of Mo. The FdxNmutation resulted in reduced nitrogenase activities, especially when V was present. Dinitrogenase activity in extracts was similarly affected, suggesting a role of FdxN in iron-molybdenum cofactor synthesis. The NifO-producing mutation did not affect any of the nitrogenases under standard diazotrophic conditions. The NifQ--producing mutation resulted in an increased (-1,000-fold) Mo requirement for Mo nitrogenase activity, a phenotype already observed with Klebsiella pneumoniae. No effect of the NifQ-producing mutation on V or Fe nitrogenase was found; this is consistent with its very low expression under those conditions. Mutations in orfS had no effect on nitrogenase activity.
Azotobacter vinelandii is an aerobic, free-living, nitrogenfixing bacterium which is remarkably well adapted to diazotrophic growth. In addition to the common, molybdenumcontaining nitrogenase (nitrogenase 1) present in all nitrogen fixers, it has two, more recently described, alternative nitrogenase systems (5, 7): a vanadium-containing nitrogenase (21) (nitrogenase 2) and a nitrogenase which does not contain Mo or V (15) (nitrogenase 3). Molybdenum is found in nitrogenase 1 in the form of an iron-molybdenum cofactor (60) located at the active site of the enzyme (24) . An analogous iron-vanadium cofactor has been demonstrated for nitrogenase 2 (66) . Detailed biochemical genetic studies on the biosynthesis and assembly of these cofactors have been done only for the iron-molybdenum cofactor of nitrogenase 1. Six nif genes, nifB, nifQ, nifE, nifN, nifV, and nifll, have been implicated in the process (see references 16 and 26) . NifQ-mutants show an increased molybdate requirement for nitrogen fixation (31, 33) . NifB-, NifN-, and NifE-mutants synthesize an iron-molybdenum cofactorless nitrogenase which can be activated in vitro by addition of acid-denatured extracts containing the cofactor, isolated cofactor, or de novo-synthesized cofactor (55, 60, 63) . The NifV gene product has been shown to be responsible for the synthesis of R(+) homocitrate (27, 29) , an organic component of the iron-molybdenum cofactor (28) responsible for the substrate specificity of nitrogenase (25, 30, 44 in vivo (20) or in vitro (56, 62) , which suggests an additional biochemical role for the NifH gene product independent of its dinitrogenase reductase activity (62) .
Little is known about the biosynthesis of the iron-vanadium and iron (?) cofactors of nitrogenases 2 and 3, respectively (6) . Whereas in the case of the nitrogenase structural genes, duplicated genes exist for each of the three systems (10, 34, 35 ), this appears to be the case for only some of the cofactor genes. Genes vnfENX are homologous to nifENX and necessary for synthesis of nitrogenase 2 and 3 cofactors (69) . However, no counterparts appear to exist for nifB and nifV, and mutations in these genes affect all three nitrogenase systems (33, 37) . NifH-and NifQ-mutants are not affected in their nitrogenase 2 and 3 activities (7, 33 We were interested in the role of the nifB orJ2 orf3 nifQ transcriptional unit in the synthesis of the metal cofactors of nitrogenase(s). In addition, we were intrigued by the reported cotranscription of nifB, a gene required for all three nitrogenase systems, and nifQ, which is required for Mo metabolism (31, 33) . In Whole-cell nitrogenase activities were assayed as previously described (11) . Nitrogenase 1 component assays were performed with extracts as described by Shah et al. (61) . 3-Galactosidase was assayed by the standard procedure (58) , except that cells were permeabilized by addition of 10 ,ul of 0.1% sodium dodecyl sulfate (SDS) and 50 ,ul of chloroform per ml of assay buffer.
Immunoblotting. Immunoblots were obtained as previously described (23 (33) . The triangles denote cassette insertions, and the arrows show directions of transcription from the kanamycin promoter. Restriction endonuclease sites: B, BglII; Bm, BamHI; E, EcoRI; N, NarI; S, Sall; Sc, SacI; X, XhoI; Xm, XmnI.
Additional XmnI (at position 3443) and NarI (at positions 463, 866, 1221, and 1419) sites are present.
described in Materials and Methods. Table 2 shows the P-galactosidase activities of fusion mutants after nitrogenase derepression in the presence of different metals. No 13-galactosidase activity was detected in any case for the wildtype strain or for the fusion mutants in the presence of ammonia (data not shown). This result is consistent with the overall regulation and with the absence of nifBQ-specific transcripts (33) . In the presence of 1 puM Mo, which allows expression of the nitrogenase 1 system, the highest activities were found for fusions to the first two open reading frames in the region, nifB and orf2. These were 8 to 11 times lower than the activity found in a fusion to the nitrogenase 1 structural genes (DJ309). The activity of the fusion to the third open reading frame, or3, was only 5% of the activity found with the orf2 fusion, whereas for the fourth open 't(nijB'-'lacZ)(Hyb); 4, IEA17 1'(orf2'-'lacZ)(Hyb); 5, IEA19 F(orf3'-'lacZ)(Hyb); 6, IEA21 F(nifQ'-'lacZ)(Hyb). The expected molecular weights of the hybrids were 136,000 (NifB-13-galactosidase), 122,000 (Orf2-p-galactosidase), 126,000 (Orf3-P-galactosidase), 131,000 (NifQ-P-galactosidase), and 125,000 (OrfS-P-galactosidase). The number on the left indicates the molecular weight of E. coli 13-galactosidase (116,000).
products after SDS-polyacrylamide gel electrophoresis separation and blotting. Polyclonal anti-3-galactosidase antibodies showed cross-reactivity to some of the major A. vinelandii cell envelope proteins in the 50-kDa region (data not shown). Optimal results were obtained with a monoclonal antibody (Fig. 2) (38) . Significant similarity to one of the low-affinity NtrC-binding sites of the K pneumoniae nifLA operon (5' GCAC-N5-CGGCCC 3') (45) was found at positions 562-GCGACAAATTCGGCCC-576. In addition, no similarity to r70 promoter regions (49) could be found. It was possible that the expression levels observed in the AnifA background were due to transcription initiated at the promoter of the nifLA operon (3), upstream of the ni/BQ region. Such a situation has been described in Rhizobium meliloti (40) . Analysis of the nifA-ni/B intergenic region did not show any potential rho-independent terminator (9). However, a strong rho-dependent terminator (1) was found at positions 280 to 470. We were able to show that this transcription Mo concentration (nM) FIG. 3. Effect of the molybdenum concentration in derepression medium on whole-cell nitrogenase activity ofA. vinelandii DJ (wild type) (0), IEA17 (Orf2-) (0), and IEA21 (NifQ-) (0). orientation was clearly observed only for nitrogenases 2 and 3, i.e., in the absence of Mo, a condition in which expression from the nifBQ promoter was lower (Table 2) .
Dinitrogenase activity and iron-molybdenum cofactor in insertion mutants. Nitrogenase 1 components (dinitrogenase 1 and dinitrogenase reductase 1) were assayed in vitro with extracts from cultures of the insertion mutants. Dinitrogenase reductase 1 titrations with an excess of purified dinitrogenase 1 gave similar levels for the different mutants (data not shown). Dinitrogenase 1 activities (Table 4) showed negligible dinitrogenase 1 activity, but substantial activity was regained after addition of the isolated ironmolybdenum cofactor to the assay mixture (Table 4) . Strain IEA17 (orf2::LK) had decreased (ca. 40%) levels of dinitrogenase 1 compared with the wild type. No recovery of activity was observed after addition of the purified ironmolybdenum cofactor ( Table 4 ), suggesting that the mutation in strain IEA17 did not result in accumulation of iron- Table 3. c Values in parentheses are activities after addition of an excess of the iron-molybdenum cofactor (60) . molybdenum cofactor-activatable, cofactorless dinitrogenase 1. In addition, titration of the iron-molybdenum cofactor present in IEA17 extracts with strain UW45 (NifB-) extracts did not result in increased dinitrogenase 1 activities (data not shown), suggesting that all of the cofactor synthesized by IEA17 was incorporated into dinitrogenase 1. Strain IEA19 (orf::LK) showed wild-type levels of dinitrogenase 1 activity. Strain IEA21 (nifQ::LK) presented low levels of dinitrogenase 1 activity when derepressed in a medium containing the standard concentration (1 ,tM) of molybdate, but the activity almost fully recovered when medium containing 1 mM molybdate was used for nitrogenase derepression.
DISCUSSION
To characterize further the role of the nifBQ region of A. vinelandii in nitrogen fixation, we studied the expression of each of the five open reading frames in the region, as well as the phenotypes of mutants with changes in each one of them. We chose to construct in-frame in vitro insertions of 'lac-ZYA'-Km cassettes specifically modified for this purpose. In the direct orientation, the insertions would generate translational nif-lacZ fusions with P-galactosidase activity (68).
Joerger and Bishop (33) showed that ammonia-repressible transcripts hybridizing to proximal (nifB) and distal (nifQ) genes in the region were synthesized under Mo-containing (nitrogenase 1), V-containing (nitrogenase 2), and Mo-lacking (nitrogenase 3) conditions. This is consistent with the Nif-Vnf-Anf-phenotype of NifB-mutants (36) . However, the involvement of NifQ in Mo metabolism (31) and the Nif-Vnf+ Anf+ phenotype of NifQ-mutants ofA. vinelandii (33) suggest that NifQ might be gratuitously synthesized under V-containing or Mo-lacking conditions. We showed that there are strong position effects which affect translation of the different open reading frames in the region. Under Mo-containing conditions, the first two open reading frames, nifB and orf2, were similarly translated, to levels ca. 10% of those observed for dinitrogenase 1 structural genes, whereas translation of ocr3 and nifQ decreased 20-and 400-fold, respectively, bringing the levels of nifQ expression close to the detection limit for the assay. The predicted stem-loop secondary structure (AG = -24.3 kcal mol-1 [1 cal = 4.184 J]) (8) at the translation initiation region of nifQ might explain the low translation levels of the gene. Inspection of the DNA sequence revealed no obvious features related to the decreased translation of or3.
The pattern of expression of the nifBQ region was altered in the absence of Mo. Levels of expression of the first half of the region, nifB-orf2, decreased, especially for nifB. The levels of expression of or13 increased significantly in the absence of Mo, whereas for nifQ, 0-galactosidase levels dropped to the threshold of detection. The study of Joerger and Bishop (33) did not include quantitation of the mRNA levels. Thus, decreased transcription from the nifB promoter might be an explanation for the decreased levels of translation observed with nifB, orf2, and nifQ. Other explanations include metal-specific interference of the nif N-terminal half of the hybrid protein with ,B-galactosidase activity and a metal effect on the efficiency of translation. A metal-specific effect must also be invoked for the increase of activity observed with the fusion at orf3. These (6, 42) . A previous study (33) and Table 2 niJB. The absolute requirement of NifB for biosynthesis of the iron-molybdenum cofactor of dinitrogenase 1 (26, 55, 60, 63) and for nitrogenases 2 and 3 (36) has been documented. In addition, a cofactorless apodinitrogenase 1 from an A. vinelandii NifB-mutant has been purified and characterized (52) . It has thus been proposed that NifB plays a role in the synthesis of a metal cluster common to all three cofactors (6, 26) . The above-described results were obtained with mutants generated chemically or with transposons (33, 36, 61 [18] ), and R. meliloti (fdxN [40, 46] ) but not in K. pneumoniae (2, 12) or Rhodobacter capsulatus (39) . The role of these ferredoxin genes in nitrogen fixation is not clear. FdxN-mutants of R. meliloti show a Nif-phenotype (40) . On the other hand, a FrxA-mutant from B. japonicum showed only reduced (50%) nitrogenase activity in freeliving culture (18) . Nitrogenase activity was affected by a cassette insertion in A. vinelandii orf2 (Table 3) but not completely suppressed. Interestingly, the mutation affected all three nitrogenase systems, with a more stringent effect on nitrogenase 2. It has been repeatedly suggested (6, 16, 18, 40) that lack of a clear Nif-phenotype after mutation of some of these ferredoxin genes could be due to partial substitution by other ferredoxins in the cell. In A. vinelandii, two other ferredoxin genes,fdxA (47) (Table 3 ), or in dinitrogenase 1, assayed in vitro (Table 4) .
Nonetheless, ,-galactosidase activities of the Orf3-P-galactosidase hybrid construct (Table 2 ) and immunoblot detection of the hybrid protein (Fig. 2) (46) , and Enterobacter agglomerans (41 (33, 46) . Direct measurements of nitrogenase activity with the nifQ insertion mutants (Table 3) confirmed the previous growth experiments and show that (i) the pattern of response ofA. vinelandii NifQ-nitrogenase to molybdenum in the medium (Fig. 3) parallels that of K pneumoniae (31) and (ii) the NifQ-mutation affects dinitrogenase 1 activity (Table 4) . Consistent with these results, no effect of the NifQ--encoding mutation on nitrogenases 2 and 3 was observed (Table 3) , as previously inferred from growth experiments (33) . Very low levels of NifQ were synthesized inA. vinelandii (Table 2 ). This might also be the case for K pneumoniae, since the NifQ gene product has never been visualized (53) . In fact, the immunoblot analysis shown in Fig. 2 Table 4 .
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